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Two-Nucleon Emission Following Absorption of
Stopped Negative Pions*
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A beam of m was brought to rest in a variety of light-element targets. The angular distributions of
nucleon pairs emitted in the subsequent pion absorption were measured. The angular distributions peak
strongly at 180', supporting the two-nucleon model of the absorption process. The emission of an n-p (n-n)
pair implies capture of the ~ by a p-p (n-p) pair inside the nucleus. The ratio of n-n to n-p emission has
been measured to be 3.3+0.9 averaged over p-shell nuclei. This is compared with predictions of this ratio
which are sensitive to the two-nucleon correlation within the nucleus. Measurements of the proton spectra
have been made in the n-p emission and are in agreement with the two-nucleon mechanism. The branching
ratio of 2i- absorption yielding two correlated nucleons is typically 40%.

I. INTRODUCTION

HE mechanism of stopped m absorption on com-
plex nuclei is still little understood. Since the

early theory of Brueckner, Serber, and Watson' of a
phenomenological extrapolation of capture on deute-
rium, many theoretical refinements to such a two-
nucleon capture mechanism have been made. ' '4 Other
absorption mechanisms have also been calculated' """
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and measured, ~~" but the sparse data have in general
not allowed definitive statements of their relative im-
portance. This experiment was designed to shed some
light on the absorption process, especially the two-
nucleon capture process, through the detection of two
correlated nucleons following stopped z absorption.
However, caution must be exercised in forming con-
clusions from an experiment of this sort, since the
detection of two nucleons in coincidence may inherently
bias the experiment against some of the other absorption
mechanisms.

A detailed description of m absorption leading to
two-nucleon emission requires the knowledge of six
independent kinematical variables to specify a definite
three-body 6nal state. Assumptions about the form of
the interaction lead to theoretical calculations involving
fewer variables; in particular, several theorists predict
distributions in the variables I, it, and t) (the momentum
sum of the two nucleons, half the momentum difference,
and the angle between these momenta) as defined in
Fig. 1. We have not measured the requisite number of
variables to completely determine a three-body Anal

state Instead. , we have measured the distribution in f
(the laboratory angle between the two nucleons), and
in it (the momentum of a single nucleon) for the emis-
sion of a proton-neutron pair only. These distributions
are in large part determined by the kinematical require-
ments of conservation of energy and momentum. We
have also measured the ratio of the probability of
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emission of two neutrons to the emission of a neutron
and proton: R= W(N-I)/W(rs-p). This ratio is hopefully
somewhat sensitive to the two-nucleon correlations
within the target nucleus.

Early experiments" '4'~ " of + absorption in cloud
chambers, emulsions, and bubble chambers were in-
sensitive to neutrons. In fact, most processes of m

capture emit at least one fast neutron. Ozaki et ul. 32 have
measured E.=5~1.5 in C and 3.9+1.2 in Al, with most
of the nucleon pairs having been emitted back-to-back.
An elegant experiment by Davies et al.33 has used time-
of-Right techniques to measure the energies of the two
neutrons in the process Lis(rr, mrs) He'. We have used an
apparatus similar to that of Ozaki et at. 32 with much
improved angular resolution to obtain angular distribu-
tions of the two-nucleon emission following x absorp-
tion in a number of p-shell nuclei, Al, Cu, and Pb
targets. The angular distributions were integrated to
obtain the absolute value of correlated emission of n-e
and m-p pairs. Their ratio and also the observed proton
energy distribution in rl;p emission are compared to
theories. A preliminary report of this work is contained
in Ref. 34.

II. EXPERIMENTAL ARRANGEMENT

A. Apparatus

The m beam was extracted from the Rochester 130-
in. cyclotron at an energy of 32 MeV and an energy
spread of &10%.It was focused by the fringe fteld of
the cyclotron and then bent 60' by a double-focusing
magnet into a large iron box which shielded the photo-
multipliers from the main magnet's fringe field. The
cyclotron was operated with a "Cee" to give a stretched
duty cycle of about 75%. This was crucial to reduce
random coincidences to a tolerable level although the
beam intensity of 4)&10'/sec was only ss the "prompt"
intensity available. About half of the beam stopped in
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FrG. 1. Kinematic vari-
ables in the toro-nucleon ab-
sorption process of ~ . We
observe distributions in P
and h.

p oa As

Recoil Nucleus

the target (typically 0.5 g/cm' thick), with the absorber
optimized.

Two sets of apparatus were used to collect most of
the data. Both employed plastic scintillation detectors
to detect pions, neutrons, and protons. One set had large
detectors close to the target and therefore a poor
angular resolution. It was used with all target materials
to determine the ratios R. A second apparatus had
smaller detectors with finer angular resolution and was
used to determine the detailed angular distributions
with Li' and 0" targets.

The apparatus with larger detectors is shown in Fig.
2. A stopped pion was detected by coincidence signals
from m„xq, and not x,. Protons were detected as a
coincidence in P, and P y. The pulse height in P y, made
of i~-in. -thick plastic scintillator, could be recorded as
a measure of the proton energy. The target was placed
normal to the proton detector in order to minimize the
proton energy loss in the target. Neutrons were detected
in the B-in.-diamX6-in. -long cylinders of plastic scin-
tillator. These were placed inside and behind anti-
coincidence guard detectors which vetoed any charged
particles originating from the target or from the back-
ground. The detectors were enclosed in cylindrical
shields of lead and steel.

The logic circuitry was cabled so that three angles of
p-n coincidences and three angles of ss-ss coincidences as
well as the respective randoms were counted simul-
taneously. Counting rates were typically 40 counts/h
for each pair of detectors, with a random contribution
of about 15%for the neutron-neutron detector pairs and
about 3% for the proton-proton detector pairs. For
those data when the proton pulse height was also re-
corded, the storage of this pulse height was routed into
a separate subsection of a 400-channel analyzer for each
neutron detector.

The apparatus with the smaller neutron detectors is
shown in Fig. 3. A stopped pion was recorded as before.
Three proton telescopes were used in this case. They
were made of one common front scintillator followed by
disks of scintillator of the same area as a neutron de-
tector. The energy of the protons could not be recorded
with this apparatus. The neutron detectors were
2-in. -diam)&4-in. -long cylinders of plastic scintillator.
They were covered by an anticoincidence detector oo
the end toward the target but not on the surrounding
sides since little of the background was reduced by such
shields in the previous case.

For the case of Fig. 3, the logic circuits formed
coincidences of all nine possible rs-p pairs which were
also in coincidence with a stopped pion. Background
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was measured by removing the target but it was very
small. The fine resolution m-n data was collected with a
fourth neutron detector in place of the proton detectors.
All six pairs of n-n coincidences were recorded. Counting
rates were typically 5 to 10 counts/h for each pair of
detectors.

The intensity profile of the pion beam was recorded
across the face of the target. With a numerical integra-
tion procedure this profile was folded together with the
acceptance solid angles of the proton telescope and
neutron detector, or two neutron detectors, in order to
determine the resolution function of the apparatus. The
full width at half-maximum height of these resolution
functions is about 26' for the first apparatus and 13' for
the second. Since the solid-angle factor is proportiona, l

to sining, thc peak in the resolution function occurs at a
smaller angle than the nominal laboratory angle be-
tween detectors; this effect is most noticeable at 180'.
The main use of the resolution functions was to find the
centroid for each pair of detector positions. The data are
plotted at those centroid angles. In addition, the resolu-
tion was folded together with theoretical predictions to
compare with the data as explained in Sec. III.

B. Detector EfBciencies

In order to have a high detection efficiency the dis-
crirninator bias on the la.rger neutron detectors was set
low (a pulse height corresponding to 6.5-MeV protons).
This threshold was ca.librated by comparison with the
pulse height produced by 5-MeV capture p rays in the

C"(ii,y) C" reaction from the background flux of
thermal neutrons and also by comparison with conver-
sion electrons from a Bi'"' source. E'or the smaller detec-
tors a bias corresponding to 10.5-MeV protons was set.

The eSciencies of the plastic scintillator neutron
detectors were calculated in a manner similar to that
employed by Swartz et al."and by Bowcn et al."Single
and double scattering of neutrons by the hydrogen and
carbon in the scintillator, and reactions of neutrons ia
the carbon, were considered along with an approximate
treatment of edge and end effects due to finite counter
geometry. The calculated neutron efficiencies are shown.

in Fig. 4; the error in the calculation is estimated to be
&15%%uz. The uncertainties in the efficiencies have only a
minor effect on the proton spectra or the nucleon-nu-
cleon angular correlations but a major effect on the ab-
solute values of W(e-e) and W(n-p) and on their ratio.

In order to ensure tha. t we were seeing a direct two-
nucleon eniission process, it was essential that we did
not detect the large number of low-energy nucleons
produced by an evaporation mechanism following the
m= absorption. Anderson et u/. " have shown that the
evaporation mechanism is negligible for neutrons with
energies larger than 20 MeV. Since neutrons with
energies less than 20 MeV were discriminated against by
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University Report No. NVO-2053, 1957 (unpublished).

P. H. Bowen, G. C. Cox, G. B. Huxtable, A. I.angsford, J. I'.
Scanlon, G. H. Stafford, and J.J. Thresher, Nucl. Instr. Methods
17, 117 (1962)."H. I.. Anderson, E. P. Hincks, C. S. Johnson, C. Rey, and
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the high bias levels used on our detectors, as can be seen
in the efficiency curves of Fig. 4, while protons with
energies less than about 20 MeV were nearly all stopped
in the target or the first element of the proton telescope,
our detection system was largely insensitive to evapora-
tion nucleons.

The pulse-height response of the proton detector was
calibrated by comparison of the spectrum with that of a
diferent detector made up of three scintillators: a thin
scintillator, followed by a second detector 1—,'in.
(4 g/cm') thick in which we measure the pulse height,
followed by another thin scintillator. Since it was found
that only a very small number of protons traveled com-

pletely through the three-counter telescope, the shape
of the energy spectra in the thick detectors of the two
telescopes was assumed to be the same. The pulse-
height peak seen in the thick detector of the three-
counter telescope when operated in threefold coinci-
dence corresponded to about 75 MeV and its position
was used to calibrate the proton detector. This method
is more accurate than checks of low-energy n-particle or
electron sources which were also performed, and is
probably in error by less than 10%.

The over-all eKciency of detection of protons depends
on target thickness, the thickness of the first element of
the proton telescope, the inherent scintillation detector
eKciency, and the energy spectrum of the protons. As
calculated with the theoretical spectrum of curves (b)
in Fig. 5 or Fig. 6, described below, this efficiency was
about 98%. With the phase-space curves (a), it was
about 90%.We have used 95% in the calculations, with
an estimated error of &5%.

Products of the effective solid angles of pairs of de-
tectors were determined in the calculation of the resolu-
tion functions of each apparatus. These were: 0 ~)(Q„~
=0.011 and Q„X0 =0.0049 for the larger detectors and
0„~)&0„2——0.0011 and D„)&0„=0.00104 for the smaller
detectors. The uncertainty in these numbers is small and
was neglected.
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Fio. 4. Calculated neutron detection eSciencies.

III. RESULTS AND DISCUSSION

A. Proton Spectra

The pulse-height spectra of protons in coincidence
with neutrons is shown in Fig. 5 for a C'2 target and in
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c' (7I', pn)
PROTON ENERGY SPECTRUM

Fig. 6 for an 0" target. The data are represented by
histograms of which the shaded part represents the
statistical errors.

Also on each figure three calculated curves are
drawn. These are derived from the analytic expression
of Koltun and Reitan. "

rl'W(it, y) g (P—alta)g Q ~
M (

g

(1)
ygE(pg+ titg)2yg ($2 t it2)2jl/2

where y=cosg, k and E are the magnitudes of the
momenta as in Fig. 1, and g ~ M

~' is the matrix element.
We have assumed P ~

M
~

' is independent of g= cos8 and
can be approximated by a gaussian in E as in Ref. 13:

P t M (
g ee &

—xaPad (2)

where P is the harmonic-oscillator strength parameter
and A is a recoil eGect. The relative and c. m. momenta
are related by the energy equation:

~ +g (@+Ma/Mdaugtrter)ft

=Ma[Me+Mtarget (Mdaughter+2Ma)] (3)

The probabilities suggested by Kopaleishvili" of capture
on two nucleons in the p shell, one in the p and one in
the s shell, and two in the s shell (taken as 70, 15, and
15%, respectively) are accounted for by adding energies
of 0, 13, and 26 MeV to the value of Md, „ght«. The ex-
pression (1) is converted to the variables k„, E:, and rir

and integrated over all angles greater than 150' and
allowed values of E. Also, folded into this integral, are
the pulse-height resolution of the proton detector, the
energy loss in the target and 6rst element of the proton
telescope, and the neutron detection eKciency.

Curve (a) is a phase-space calculation proportional to
the product of the proton and neutron kinetic energies

IO 20 30 40 50 60 70 80 90
PROTON ENERGY (PULSE HEIGHT) ( MeV)

Fzo. 5. Proton energy spectra from the pulse height in detector
Pf, for coincidences with a neutron and stopped pion for a C~
target. The curves are obtained by integrating expression (1),
taken from Koltun and Reitan (Ref. 13), over unmeasured vari-
ables. Curve (a) is a phase-space calculation with the harmonic-
oscillator strength parameter P = ~, curve (b) is for P = 1.6 F, and
curve (c) is for IS=0.

0' (7T,pn)
PROTON ENERGY SPECTRUM

0 IO

45 90 DATA

t t

20 30 40 50
PROTON ENERGY (PULSE

60 70 80 90 IOO

HEIGHT) (MeV)

FIG. 6. Proton energy spectra from the pulse height in detector
I' f, coincidences with a neutron and stopped pion for an 0' target.
The curves are obtained as in Fig. 5 with P = ~, P =1.75 F, and
p=0.

and the experimental neutron detection efficiency. It is
equivalent to the assumption that the matrix element is
independent of E(i.e'. , P= ec). It predicts somewhat of
an excess of high-energy protons. Curves (b) use a value
of P=1.6 F for C" and 1.75 F for 0" in the matrix
element. Curve (c) is a similar calculation assuming the
matrix element to be a 8 function at E=0, i.e., assuming
equal sharing of the available energy between the two
nucleons and P=O. It represents the response of the
apparatus,

It is clear that curves (b) reasonably well reproduce
the data except at low energy. Experimentally there is
an excess of low-energy protons. These are probably
related to the small isotropic component in the angular
distribution as shown by the flatness of the 45'—90' data
compared to the 180' data.

The recent calculation of the two-nucleon capture
mechanism by Eisenberg and LeTourneux" also gives
the energy spectra of one nucleon in two-nucleon emis-
sion after g absorption on 0". Their calculations
consider the atomic pion wave function, the relative
spin and correlations of the two nucleons within the
nucleus, and the final-state interaction. Our observed
spectrum shape is in agreement with many of their
calculated curves. However, we are unable to test their
prediction that under certain conditions there will be a
dip in the energy spectrum due to the final-state
interaction.

This measurement of only one of the nucleon energies,
although it is in coincidence with another nucleon, is not
as sensitive a test of various two-nucleon matrix ele-
ments as would be the measurement of both energies.
The disagreement with the phase-space curves is not
severe and if the energy calibration were in error by as
much as 15%, they would nearly be in agreement. How-

ever, as a test of the two-nucleon mechanism versus
other capture processes, the spectra are in reasonable
agreement with the two-nucleon process.



The absolute rates of our measure p n-emission indi-
cate that a major fraction of all high-energy protons
emitted in x capture are accompanied by a neutron.
Fowler's data on the proton spectra from oxygen in
emulsion give an absolute rate of 0.075 protons above 60
MeV per captured pion. "From our data the fraction of
protons above 60 MeV (above 55 MeV in Figs. 5 and 6)
are 35 and 30% of the total for C" or 0" When
multiplied by the W(p-I) absolute rate for correlated
and isotropic emission, these give about 0.065 protons
above 60 MeV accompanied by a neutron per captured
pion. In another emulsion experiment, Vaisenberg~4

erroneously concluded that the two-nucleon mechanism
is not present at all from data similar to Fowler's of a
few percent emission of protons over 60 MeV.
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B. Angular Correlations

Our data taken with the apparatus of 6ner resolution
are shown in Figs. 7 and 8. Figure 7 shows the relative
number of e-e coincidences and Fig. 8 the relative
number of p-e coincidences as a function of the angle.
The resolution function of the apparatus is shown at one
point. The vertical scale is arbitrary but is the same for
the Li' and 0"data. Note that the p Npeak -is clearly
wider than the corresponding e-m peak in the data for
Li'. This feature also appeared for most of the targets in
the data taken with the coarser resolution. It affects as
a matter of definition the determination of the ratio of
correlated emission as discussed more fully later.

The data taken on many elements with the apparatus
of coarser resolution show a general monotonic decrease
in rate as the atomic weight increases. These data have
been fitted with an arbitrary function made up of a
constant plus an exponential of variable width plus a
gaussian of variable width. The exponential plus
gaussian parts of the peaks, multiplied by the solid
angle, were integrated to give what we call the correlated
emission rate: W(N-e) or W(e-p) as listed in Table I.

FIG. 8. Angular distribution of p-n emission from targets of Li6 and0"as measured with apparatus with the finer resolution.

For the P-shell nuclei, W(e I) av-erages to about 0.30
and W(e-P) to about 0.10. Thus a sizeable fraction,
about 40%, of the stopped vr absorption events lead to
a 180'-correlated emission of two nucleons. The iso-
tropic component from the data analyses, when inte-
grated over all solid angles, is an average of 1.1 times the
correlated rate for W(n-n) and 1.3 times the correlated
rate for W(e-p). This experiment is not, however,
capable of yielding the relative amounts of single,
double, and multiple nucleon emission per stopped pion,

The same data for the angular correlation of both ti, p-
pairs and e-n pairs from Li' and 0"are shown in Figs. 9
and 10 renormalized to the same peak height at 180' as
also are the theoretical curves. To look for agreement
one must compare the shape of curves versus data.

In both cases the solid curve represents the correla-
tion predicted by expression (1)"with an additional
isotropic contribution added. For each value of y, ex-
pression (1) is integrated over all allowed values of K,
again folding in the pulse-height resolution, energy loss,
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0.13+0.04
0.10+0.02
0.08+0.02
0.05+0.01
0.06&0.02
0.04&0.01
0.08+0.02
O.io+0.03
0.03&0.01
0.04&0.01
0.01&0.01

Ratio
w(~-~)/w(~-p)

3.7+1.0
3.0+0.8
3.7&1.0
3.3+0.9
2.3+0.8
4.4+1.3
2.5+1.0
3.7&1.1
3.4~1.1
3.8&1.0
2.4&0.9
2.0a1.4
4.7~4.7

«~~M~~+~~ ~M ~glglW & Jl ./
30 60 90 l20 I50

n-n Angle (Degrees)
I80 Weighted average of p-shell nuclei 3.3+0.9

(Weighted average of ratio at 180' 5.1+1.6)
FIG. 7. Angular distribution of n-n emission from targets of Lie and

0'e as measured with apparatus with the finer resolution. a Data taken with apparatus of finer angular resolution,
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FIG. 9. Angular distribution from Li compared with theories.
All data and theories have been normalized to 1.0 at 180'. The
data labeled with x are from Davies et al. (Ref. 33) and represent
He4 left in the ground state. The solid curve is an integration of
expression (1) taken from Koltun and Reitan (Ref. 13), integrated
over unmeasured variables. The dash curve is a shell-model
calculation from Kopaleishvili and Machabeli (Ref. 18), and the
dot-dashed curve is their calculation for an n-d model of Li .
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l50

detection eKciency and angular resolution of the appa-
ratus. Values of the harmonic-oscillator parameter of
/= 2.2 F for Li and P= 1.75 F for 0' were used in the
matrix element in this prediction. Also, the same per-
centages predicted by Kopaleishvilim of the x absorp-
tion occuring in the p shell, the s and p shells, and the
s shell are used in the kinematics. The resolution of our
apparatus was folded into this theoretical curve rather
than correcting the data for resolution but this does not
broaden the curve significantly.

Two features are apparent in. these comparisons: (1)
the width of the p-n peak is broader than the width of
the n-n peak. This is so far completely unexplained but
the eftect occurs in nearly all the cases we have studied
and is probably not instrumental. (2) The data exhibit
broader curves than this calculation. This could be due
to the interactions of the outgoing nucleons with the
residual nucleus or with each other, neither of which is
taken into account in this theory. Also shown in Fig. 9
are the data of Davies et u/. 33 for which they have
selected events leaving the He4 recoil nucleus in the
ground state. Their data are significantly narrower than
ours and do not show as much isotropic contribution.

Kopaleishvili has calculated" the Li'(m, mrs) He' angu-
lh.r distributions on the basis of an n-d model, the shell
model, and a 3-particle model of Li'. The dash curve in
Fig. 9 is his shell-model calculation. The 3-particle model
lies even further from the data. His n-d model calcula-
tion is shown by the dot-dashed curve and agrees well
with our data and especially with the data of Davies
et ul."

Kisenberg and LeTourneux'4 have calculated the
angular distribution for 0'6 (m. ,mN) and 0'6 (~,np) for

the two-nucleon capture mechanism and find satis-
factory agreement with our preliminary data, '4 after
taking into account the final-state interaction. Their
curves for I-p emission are in. fact slightly broader than
their curves for n-n emission.

Cheon has made calculations' for the C"(m,nn)B"
angular distribution which we compare with our 0'
data in Fig. 10.He uses a two-nucleon correlation func-
tion of the type f(r) = 1—e r' in a two-nucleon capture
process. However, he makes the assumption that the
two detected nucleons come out with equal energies. His
curves for f~„('S)= 1.75 F ' and l ~„('D)= 1.8 F ' are
reproduced as the dotted curve in Fig. 10. One must
conclude from the poor fit to the data that either the
analyses for C" and 0" are widely different, the ap-
proximation of equal energies is very poor, or other
parts of the theory do not apply.

A calculation by Kolibasov' of the pion capture
process on n-particle clusters reports the predominant
role of this process over the two-nucleon capture process
in the case 0"(~,mn), by comparison with unpublished
data of Ignatenko et al. However, our data do not sup-
port this conclusion. We see a predominant two-nucleon
mechanism. The dash curve in Fig. 10 is Kolibasov s
e-particle calculation and the dot-dashed curve in his
two-nucleon process calculation. A moderate contribu-
tion of the n-particle capture process cannot be ruled out,
however, since we do see some events even at small
angles and the apparatus has discrimination against
low-energy nucleons.

C. W{n-n)/W(n-p) Ratio: 2
The determination of the W(n-n)/W(p-n) ratio in-

volves first the definition of what is meant by correlated
emission: the emission at exactly 180', or that inte-
grated over the entire peak near 180'. Also, it involved
the absolute eKciency of the neutron and proton de-
tectors and their solid angles as well as the number of
coincidences recorded. The major source of possible
systematic error is in the calculation of the neutron
detector efficiency.

Statistical errors are typically only 10%,except in the
case of Cu and Pb targets, where they are larger. There-
fore, the over-all uncertainty is dominated by the
possible systematic sources of error: about 25% for
W(p-m), 40% for W(n-N), and 25% for the ratio. These
are combined with the statistical errors in each case to
give the errors quoted in Table I. The rates and ratios
of Table I are those as measured by our apparatus. We
have not made corrections by extrapolating to proton or
neutron energies for which the apparatus is insensitive.
In this sense the data may be biased for the kinematics
of the two-nucleon capture process as opposed to a
multinucleon capture process.

With respect to a definition of the ratio as the
extrapolation of the angular distribution to 180', or the
integrals of the curves without the isotropic part, we
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have done both but feel that the latter is a better
measure to be compared to theories. The rates quoted in
Table I are the integrals of the curves without the
isotropic part. As previously mentioned, most of the p-I
angular distributions are wider than thee-e distributions
and the average factor by which they are wider is 1.5.
Therefore, relatively more p-m coincidences are counted
with an integration procedure and the ratio by inte-
gration is therefore lower. The weighted average of
W(n-e)/W(e-p) for p-shell nuclei is 2=3.3&0.9 by
integration of the peaks and is R= 5.1+1.6 by extrapo-
lation of the curves to 180'. The values obtained by
integration of the peaks should be the ones compared to
those obtained by Ozaki et al. 32 since their detectors
effectively integrated over most of the peak width.
They obtained 5.0&1.5 in C and 3.9&1.2 in Al com-
pared to our values of 2.5&1.0 in C, 2.4+0.9 in Al, and
3.3&0.9 for the average of p-shell nuclei. Our values of
R are uniformly lower.

We also used Cu and Pb targets to investigate
whether a heavy nucleus gives a significantly different
value of R. The values obtained, 2.0&1.4 for Cu and
4.7&4.7 for Pb, indicate that the ratio for heavy nuclei
is about the same as for the p-shell nuclei within the
large statistical errors associated with the measurements
on the Cu and Pb targets.

Calculations of the ratio R=W(N-e)/W(m-p) have
been made by several theorists using various assump-
tions about various targets. These have most recently
been summarized by Eisenberg and LeTourneux. "A
simple counting of p-p and I ppairs w-ithin the nucleus
with consideration of the Pauli principle gives a ratio of
3, which is in agreement with our measurement. How-
ever, Eisenberg and LeTourneux find that the final-
state interaction greatly reduces this number. They
predict R is less than 1. Also, they find that the initial
two-nucleon correlations do not strongly influence the
ratio.

Cheon' has calculated for C" the ratio as a function
of the correlation parameters l„„and f„„described
previously. Assuming f'„„=f», our ratio of 3.3&0.9
corresponds to f'= 1.57&0.12 F ' and our 180' value of
5.1&1.6 corresponds to /=1.72&0.13 F '. Neither of
these are unreasonable values of the correlation parame-
ter but the same calculations did not fit our angular
distributions on 0". Cheon's calculation did not take
into account the two-nucleon final-state interactions.

Jibuti and Kopaleishvili, ' and Kopaleishvili" have
considered the final-state interaction of the two outgoing
nucleons and two-body correlations. They find that
absorption on relative s-wave nucleons in the p shell

gives a ratio greater than 1 whereas absorption on rela-
tive p-wave nucleons gives a ratio less than 1. Using a
correlation function of the form

0,
] g

—P(Z /re 1) y) ~

they obtain a ratio of 2.9 for C" and 1.3 for 0"with the
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Fxo. 10. Angular distributions from 0'6 compared with theories.
All data and theories have been normalized to 1.0 at 180'. The
solid curve is found in the same way as in Fig. 9, but with the
parameters of O'. The dotted curve is a calculation of Cheon
(Ref. 17) for the two-nucleon mechanism. The dash curve is an
0;particle cluster-model calculation of Kolibasov (Ref. 12) and the
dot-dash curve is his calculation for the two-nucleon mechanism.

parameter r,=0.4 F, but without a complete final-state
interaction. With the final-state interaction, these ratios
are reduced. In order to obtain a ratio as large as 4, they
conclude that the proton-proton correlation within a
nucleus must be weaker than the neutron-proton corre-
lation. This conclusion may not be required to agree
with our value of 3.3&0.9.

Kohmura' has calculated the ratio R under the as-

sumption that the pion is captured by a nucleon pair in
a relative s-wave state, and he comes to the conclusion
that R is 3 unless one allows charge-dependent nuclear
wave functions. To obtain a ratio of 4 to 5 he must allow

the range of a singlet s-wave pair to be longer by 5 to
10% than that of a triplet s-wave pair. This violates
charge independence. Again, this conclusion may not be
required to agree with our average value of 3.3&0.9.
Kohmura uses a repulsive core to simulate the two-
nucleon correlation but concludes that it does not
change the ratio significantly. He does not include a
final-state interaction.

Koltun and Reitan" point out that a charge-exchange
rescattering contribution which is generally neglected in
other calculations is not negligible and tends to raise the
value of R for 0".

Aside from improving the accuracy of the ratio R in
future experiments, two other questions remain to be
answered. The first question concerns the sharpness of
peaking of the n-m emission relative to the p-e emission.
To be completely useful a theory must predict these
widths and discuss whether a ratio obtained by inte-
gration over the peaks or by extrapolation of the peaks
at 180' is the pertinent parameter. The second question
is why all the nuclei measured have essentially the same
value for the ratio. Perhaps in this experiment at least,
capture on two nucleons in the s-shell core is as impor-
tant as on the p-shell nucleons. In the case of Li' this
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must be so since there are no p-shell p-p pairs. An
experiment measuring complete kinematics could pos-
sibly settle this question.

Another approach to obtain the ratio R is to measure
the ratio of emission of high-energy neutrons and
protons. If these high-energy nucleons were produced
only by the two-nuclear mechanism a measurement of
the neutron. rate would give W(m-p)+W(N-e) and a
measurement of the proton rate would give W(n-p). "
Our measurement of the high-energy proton spectrum
indicates that, indeed, the major fraction of all high-
energy protons are accompanied by a neutron and
presumably produced by capture on two nucleons.
Using the data of Fowler" for protons and Anderson
et a/. "for neutrons, the high-energy rates are about in a
ratio of 4, which implies R= 3.Ammiraju and Lederman
give a similar argument on the basis of measurements of
charged particles only. "

D. ConcIusions

The pulse-height spectra of protons in the two-
nucleon emission following m absorption on C" or 0"
are in agreement with theory. The essential points of the
theory considered are the kinematical constraints im-

posed by the two-nucleon emission mechanism and the
approximation of shell-model wave function by an

'8 The neutron rate does not give twice W(ts-e) since the two
neutrons are correlated in angle at 180'.

harmonic-oscillator approximation. The spectra are not
sensitive to details in the nuclear structure of the target
nuclei.

The angular distributions of the two emitted nucleons
are closely Gtted by any of several theories of a two-
nucleon absorption process, while agreement with a
multinucleon absorption process is poor. An average of
40% was measured for the branching ratio of m.

absorption yielding two correlated nucleons. An un-

explained feature of the angular distribution is the
observation that the e-p peaks at 180' are broader than
the n-n peaks.

The ratio R= W(e-e)/W(N-p) has been measured to
be 3.3&0.9 for the average of p-shell nuclei. This is in

agreement with simple, incomplete theories ignoring the
6nal-state interactions, and it is in agreement with other
observations of single high-energy proton and neutron
emission. More complete theories which include the
final-state interactions predict a ratio of about 1.
Clearly more detailed experiments and theories are
called for to resolve this discrepancy.
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